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1. Introduction

Multiuser MIMO (MU-MIMO) has recently attracted significant attention from both standardization bodies and telecommunication industry, thanks to its high potential to improve the system capacity/throughput. By jointly taking advantage of multiuser diversity and space frequency diversity, MU-MIMO can achieve significantly higher cell spectrum efficiency than SU-MIMO.
This contribution first surveys downlink MU-MIMO in LTE Rel.8 and its limitations, some of which are:
· the precoding vector is constrained by the pre-defined codebook; 
· each of the two co-scheduled UEs is limited to rank-1 transmission; 
· the scheduling grant provides no information about the precoding vector of the other co-scheduled UE
· channel estimation for demodulation is based on common reference signals.
In Section 3, various MU-MIMO enhancements to be considered in LTE Rel.10 are further discussed, including
· new DL control information (DCI)

· improved feedback information

· DM-RS 
· multi-layer transmission per UE for MU-MIMO

2. Survey of Rel-8 MU-MIMO
Downlink MU-MIMO as it is currently described in Rel.8 has the following characteristics: 

1. Channel estimation and precoding vector selection: Channel estimation in Rel 8 MU-MIMO is based on the use of antenna specific common reference symbols (CRS). This implies that downlink signalling from the eNB to the scheduled UEs is required to indicate the selected precoding vectors and to implicitly indicate the presence of a co-scheduled UE. This is done by use of DCI format 1D with a PMI and power offset bit. The precoding vector used by the transmitter is restricted to the specified codebook. 

2. Codebook and transmitter-side interference suppression: The codebook defined for Rel. 8 MU-MIMO is the same as for SU-MIMO. Wideband precoding is used in general. The use of a wideband PMI implies that MU-MIMO works well with correlated channels as the spatial correlation may not change much over frequency. The granularity of the codebook, the wideband nature of the PMI and the use of CRS limit the use of transmitter-side interference suppression such as zero-forcing beamforming. 
3. Receiver-side interference suppression: The use of a common reference symbol with no additional signalling regarding the co-scheduled UE limits the effectiveness and flexibility of UE based interference suppression/cancellation.
4. Number of layers per UE: Although Rel 8 specifications do not explicitly forbid scheduling more than two users in a resource block, in practice only up to two UEs can be well supported due to the single power offset bit. Furthermore, each UE is restricted to receive a single layer. [36.213 section 7.1.5]
3. Discussion on Rel. 10 MU-MIMO

To best exploit the high potential of MU-MIMO in Rel.10, it would be desirable to introduce new DL control information, improved feedback and DM-RS. We explore Rel. 10 MU-MIMO from several important aspects in this section.

3.1. MU-MIMO DL Control Information (DCI)
The MU-MIMO DCI, if any, would be transmitted from eNB to UE via the PDCCH. Examples of DCI include indication of existence of co-scheduled UE(s), precoding information of the intended and/or co-scheduled UE(s), DM-RS pattern, etc. The DCI may be transparent or non-transparent.
Transparent DCI
The transparent DCI is defined such that from the desired UE point of view, there is no explicit DL signalling or implicit indication about the other co-scheduled UEs over the same time/frequency resource unit; neither the existence nor the spatial signature information, DM-RS positions and others.  

In such cases, knowledge of the interference such as the spatial signature can not be accurately obtained by the desired UE. Receiver-side inter-UE interference cancellation would be difficult. Henceforth, interference cancellation at the transmitter becomes absolutely necessary. Otherwise, the inter-UE interference would be too severe to justify the value of MU-MIMO.

Non-transparent DCI
The non-transparent DCI is defined such that some information about the co-scheduled UE is explicitly or implicitly signalled to the UE via DCI, which enables interference suppression/cancellation between the co-scheduled UEs.

Taking into account that UE specific DM-RS has been agreed, a new DCI for MU-MIMO would thus be necessary if non-transparent DCI is preferred. The following issues should be taken into consideration for the new DCI design in Rel.10 PDCCH:
· PMI would not be necessarily included as part of DCI. 
· Information about the number of co-scheduled UEs and the rank of each UE, if multiple layers per UE are to be supported, would be beneficial for advanced interference cancellation to further improve the MU-MIMO performance.
3.2. MU-MIMO UL Feedback  

The UL feedback for MU-MIMO can also be categorized into two modes: transparent feedback and non-transparent feedback.
The transparent feedback is defined as the feedback scheme which is either explicit channel feedback or implicit feedback based on SU mode assumption only. In general, transparent feedback suggests that dynamic SU/MU adaptation at the eNB side is possible.  Dynamic switching optimality will depend on explicit or codebook based feedback.

The non-transparent feedback is defined as the feedback scheme which is always implicit and based on a specific SU/MU-MIMO mode selection hypothesis. In other words, the feedback scheme in SU-MIMO could be different from that in MU-MIMO. In general, it is possible to achieve more accurate channel quantization with non-transparent feedback than transparent feedback. This however would be at the expense of some scheduling flexibility.
Accuracy of CSI Feedback
Since both the desired signal power and the undesired interference power are impacted by codebook designs in MU-MIMO, it is natural to see higher requirements on feedback accuracy compared to SU-MIMO. In the literature [1], it is pointed out that the number of feedback bits must increase linearly with the SNR (in decibels) in order to achieve the theoretical capacity. Requirements on more feedback bits for LTE-A is also confirmed by [2], where a 4-bit 8-antenna codebook is shown to have very limited performance improvement over a Rel. 8 4-bit 4-antenna codebook.

Using a pre-determined codebook is well recognized, at least for SU-MIMO, as an efficient way to quantize the CSI. For the sake of simplicity, an “all-weather” codebook is desired which performs well in different fading scenarios (e.g., suburban macro fading, urban micro fading, urban macro fading), for different antenna spacing (e.g., 0.5(, 4(), for different antenna patterns and polarization profiles. This altogether makes the codebook design task not easy, especially for MU-MIMO.

One possible solution is to select a fixed baseline codebook, which can be a conventional design, and then let the actual codebook be a transformed version of this baseline codebook, where the transformation may be determined by the spatial channel correlation. Such a scheme [3], [4] would thus feature a varying codebook that adapts the codebook to match the underlying (long/medium term) channel characteristics.

3.3. Layer specific DM-RS

For SU-MIMO, the DM-RS associated with different layers are always orthogonal and thus free from mutual interference. Since DM-RS are precoded, there is a possibility in MU-MIMO that the DM-RS for different co-scheduled UEs are not orthogonal. The DM-RS for MU-MIMO can thus be categorized into orthogonal and non-orthogonal DM-RS.   

Orthogonal DM-RS 
The orthogonal DM-RS is defined such that the DM-RS corresponding to the multiple co-scheduled UEs are multiplexed via CDM/FDM/TDM so that multiple DM-RSs do not cause interference across UEs. 

Thanks to orthogonal DMRS, channel estimation can be done accurately thanks to the relatively lower interference level (out-of-cell interference persists). Besides, the interference information such as the interfering channel is readily available to the UE side. This can be simply done by detecting the DM-RS belonging to the other UEs. For this reason, receiver-side interference cancellation can be carried out in a straightforward manner. It is noticed that interference cancellation at the transmitter side is also possible, e.g. zero forcing beamforming or its regularized version. 

In general, we have relatively less stringent requirements on CSI feedback with orthogonal DM-RS than with non-orthogonal DM-RS. This is because DM-RS sees relatively less interference in the orthogonal case. 

In summary, with orthogonal DM-RS, 
· inter-UE interference can be effectively removed; 
· number of DM-RS should be the same as the number of ongoing layers; 
Non-orthogonal DM-RS

The non-orthogonal DM-RS is defined such that the DM-RS associated with different layers of the co-scheduled UEs can be transmitted in the same time/frequency/code resources and thus experience cross-interference among each other.
The merit of non-orthogonal DM-RS is that less resource would be required to support the same spatial multiplexing gain, compared to orthogonal DM-RS. Also, there is not hard limit on the number of co-scheduled UEs.
Indeed, the non-orthogonal DM-RS are separated in the spatial domain via transmit precoding. However, to achieve this, more accurate CSI feedback would be required. Even so, there is still no guarantee that the interference between different users can be effectively removed (since we can not guarantee the eNB implementation).  

3.4. Possible MU-MIMO modes
It is yet to be decided for Rel. 10 what type of downlink DCI, uplink feedback and DM-RS should be used. We analyze in the following table possible MU-MIMO modes for Rel. 10. 
Table 1. Possible MU-MIMO modes.
	DCI
	Feedback
	DM-RS
	Comments

	transparent
	transparent
	orthogonal
	Orthogonal DM-RS can not be fully taken advantage of, if transparent DCI is used.

Blind detection of the existence of co-scheduled UE may be possible.

	transparent
	transparent
	non-orthogonal
	High interference (and thus poor performance) is expected due to non-orthogonal DMRS. Furthermore, transparent DCI implies that receiver side interference cancellation would not be possible. 

	transparent


	Non-transparent
	orthogonal
	It is not possible to have both transparent DCI and non-transparent feedback at the same time.

	
	
	non-orthogonal
	

	non-transparent
	transparent
	orthogonal
	Low interference is expected due to orthogonal DM-RS. Furthermore, non-transparent DCI enables receiver side interference cancellation. Henceforth, this mode would expect good performance. 

Dynamic SU/MU mode switching can be supported due to transparent feedback.

	non-transparent
	transparent
	non-orthogonal
	

	non-transparent
	Non-transparent
	orthogonal
	Low interference is expected due to orthogonal DMRS. Furthermore, non-transparent feedback enables accurate channel feedback while non-transparent DCI enables receiver side interference cancellation. Henceforth, this mode would expect good performance. 
Semi-static SU/MU mode switching is more appropriate due to non-transparent feedback.

	non-transparent
	Non-transparent
	non-orthogonal
	This mode may be useful if reduced DM-RS overhead is desirable. Providing the number of UE is large, the performance degradation due to non-orthogonal DM-RS can be reduced.
In Rel.9 where only 2 DM-RSs are available, a larger degree of spatial multiplexing gain may be obtained via this mode. 


3.5. Support of multi-layer MU-MIMO
For the two co-scheduled UEs in LTE Rel. 8 MU-MIMO, each UE supports up to one layer payload transmission. If dual polarized antennas are used at the UE side, the current one layer transmission becomes an unnecessary limiting factor to the overall achievable throughput in MU-MIMO. Naturally, two layers can be supported for each UE when dual-polarized antennas are used. In particular, one layer may be transmitted via the vertical polarization and the second layer may be transmitted via the horizontal polarization. 
To better appreciate this, a system level simulation has been carried out. We use a 8x2 antenna setup with 8 transmit antennas and 2 receive antennas. For comparison purpose, both single-polarized and dual-polarized cases are simulated. Detailed simulation parameters are presented in the appendix. 

We then investigate the probability of having a rank-1 and a rank-2 UE co-scheduled for each case. As shown in table 2, in the single polarized case, probability of having a rank-2 UE (co-scheduled with some other UE) is only 37%. On the other hand, in the dual polarized case, probability of having a rank-2 UE (co-scheduled with some other UE) rises to 61%. This undoubtedly shows the potential of rank-2 transmission per UE within MU-MIMO, if dual polarized antennas are indeed used. 
Table 3 below shows the comparison of UE throughput between dual-layer MU-MIMO and single-layer MU-MIMO. In the simulation, ideal channel feedback is used. And BD-ZF(Block Diagonalization zero-forcing) is used in eNB. 
It can be seen that dual-layer MU-MIMO can get 23.6% cell average throughput and 5% cell edge throughput gain over single-layer MU-MIMO.  From the result, dual-layer MU-MIMO should be considered in LTE Rel.10. 
Table 2 System simulator results for 8x2 antenna setup

	Antenna configuration
	Probability of having a rank-2 UE co-scheduled with some other UE

	Single-polarized 8x2
	37 %

	Dual-polarized 8x2
	61 %


Table 3 System level performance comparisons for cross polarized antenna (8×4)
	
	Dual-layer MU-MIMO
	Single-layer MU-MIMO

	Average throughput
	123.6%
	100%

	Cell edge throughput 
	105%
	100%


4. Conclusions
We discuss several important design aspects of MU-MIMO for Rel. 10 to fully exploit its high potential of performance improvement, including new DL DCI transparency, UL feedback transparency, DM-RS orthogonality and dual layer MU-MIMO. We then propose the following design criteria for Rel. 10 MU-MIMO
· Non-transparent DCI should be used to enable receiver side interference suppression. 

· Orthogonal DM-RS should be used to remove inter-UE interference as much as possible. 
· Up to 2 layers per UE should be supported to take advantage of dual polarized antennas in MU-MIMO.

· Feedback transparency is FFS.
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6. Appendix

Table 3 System simulation parameters

	Parameter
	Assumption

	Cellular Layout
	 19 sites, 3 sectors per site

	Simulation scenarios
	Case 1 in TR25.814

	Load
	Average 10 UE per sector

	Bandwidth
	10MHz

	Channel model
	SCM

	UE speeds of interest
	3km/h

	antenna configuration
	8×2 single-polarized and cross-polarized antenna（Rank report）
8×4 cross-polarized antenna(throughput)

BS:0.5 Lambda  MS:0.5 Lambda

	Traffic model
	Full buffer

	Scheduler
	Proportional Fair

	Control and RS overhead


	3 OFDM symbols for DL control channel per DL subframe.  Downlink CRS for antenna port 0-3, 12 RE overhead for DM RS



	HARQ
	Maximum 3 retransmission 

	Channel estimation
	ideal

	Receiver algorithm
	MMSE 

	MU-MIMO configuration
	Maximum 2 MU-MIMO UE
Maximum 2 layers for each UE 


